POU domain proteins are a large family of transcription factors that have been identified in a variety of metazoans, from freshwater sponges, planarians and nematodes to arthropods, echinoderms and vertebrates. Many of these proteins are implicated in the development and establishment of the nervous system. In this paper we describe the identification of the planarian genes GtPOU-1, GtPOU-3 and GtPOU-4, which belong to the subclasses III and IV of POU-domain genes. Their similarity with other members of the POU family is restricted to the POU and homeo domains, plus some peptide sequences scattered in the linker and flanking regions. As with other subclass III POU genes, GtPOU-1 is devoid of introns. Axial transcript distribution by RT-PCR and immunohistochemical assays, performed with a polyclonal antibody raised against the GtPOU-1 fusion protein, indicate that both the GtPOU-1 transcript and protein are continuously expressed along the antero-posterior axis. A monoclonal antibody raised against the same fusion protein indicates that a GtPOU-1-specific epitope, probably obtained by post-translational modification, is present in neural cells from both the central and peripheral nerve systems of the adult planarian's anterior third. Moreover, the GtPOU-1-specific epitope shows a dynamic expression pattern during regeneration, always marking the most anterior region of the planarian nervous system. Both the rapid and general GtPOU-1-specific epitope modification, during posterior regeneration, indicate that regeneration is a global process involving all planarian regions, including those that are far from the wound, by a combination of morphallactic and epimorphic mechanisms.
Introduction
Freshwater planarians belong to the phylum Platyhelminthes (Turbellaria; Tricladida). The phylogenetic position of platyhelminths has been controversial for a long time. Traditionally located at the base of triploblastic organisms, recent models based on 18S ribosomal sequence analysis situate them at the base of the Protostomes (Aguinaldo et al., 1997; Carranza et al., 1997) . Freshwater planarians are characterized by being triploblastic, acoelomate, unsegmented animals, and belong to the most basal group of organisms with defined bilateral symmetry, antero-posterior polarity and a centralized nervous system. The nervous system is characterized by the presence of brain ganglia, two ventral longitudinal nerve cords, sense organs and subepidermal, submuscular and gastrodermal plexuses connected by radial nerves (Baguñà and Ballester, 1978) . Another distinctive feature of this phylum is the presence in adult tissues of undifferentiated, mitotic, multipotent stem cells, called neoblasts. These cells provide an extreme morphological plasticity to planarians, which are able to regenerate a new organism from any piece of their body and to grow and 'de-grow' depending on food availability (reviewed in Baguñà et al., 1994) . Planarian regeneration is a well known process that initiates with wound healing and a rapid mitotic response, particularly strong in the region close to the wound, called the postblastema. A dense population of neoblasts aggregates in the wound, producing a new undifferentiated tissue, called the blastema, which later will differentiate into the missing structures (epimorphosis) (Saló and Baguñà, 1989) . To regenerate a complete, properly proportioned organism the old piece must change in shape and acquire the new body proportions, e.g. decreasing in width and increasing in length. At the same time some new organs, such as the pharynx, must differentiate. All of these proportioning processes can be achieved by the differentiation of neoblasts spread along the whole organism, or by dedifferentiation of old tissues (morphallaxis). The resolution of the mechanisms underlining these processes requires the development of new molecular markers.
In our search for transcription factors that could be involved in the process of planarian regeneration, and more specifically in the determination of cephalic nerve cell lineages, we isolated and characterized genes of the POU family. The POU domain is a conserved motif present in a family of both ubiquitously expressed and cell type specific transcription factors (reviewed in Verrijzer and van der Vliet, 1993; Wegner et al., 1993; Ryan and Rosenfeld, 1997; McEvilly and Rosenfeld, 1997) . This domain consists of two conserved regions: a POU-specific domain and a POU-homeodomain, spaced by a variable linker sequence. In contrast with some other bipartite DNA binding domains (e.g. Paired genes), both POU and homeodomains are required for sequence-specific DNA binding (Verrijzer et al., 1992) . Based on their degrees of similarity, POU-domain sequences have been grouped into six different subclasses (Verrijzer and van der Vliet, 1993) . The POU-III and POU-IV subclasses appear to have an important role in development of the nervous system and such associated structures as auditory and visual systems (Finney et al., 1988; Agarwall and Sato, 1991; de Kok et al., 1995; Fedtsova and Turner, 1995; Nakai et al., 1995; Schoneman et al., 1995; Baltzinger et al., 1996; Turner, 1996) , although some members play other roles (e.g. the differentiation of trachea and wing veins in Drosophila; Anderson et al., 1995; Diaz-Benjumea and Cohen, 1995; Llimargas and Casanova, 1997) . Another feature of these genes is their early expression in vertebrate development (Rosner et al., 1990; Takeda et al., 1994; Witta and Sato, 1997) . Knowledge of the structure of planarian POU genes could clarify the ancestry and evolution of this family of transcriptional regulators.
In the present study we describe the complete sequence of GtPOU-1, and partial genomic sequences of GtPOU-3 and GtPOU-4 planarian POU genes, which are related to the subclass III (GtPOU-1 and GtPOU-3) and IV (GtPOU-4). Regional reverse transcriptase-polymerase chain reaction (RT-PCR) analysis and polyclonal and monoclonal anti-bodies raised against GtPOU-1 fusion protein allowed us to study the transcript, and protein distribution, and the cell type-specific post-translational modifications of the GtPOU-1 protein, along the antero-posterior axis of intact adults and throughout different regenerative situations.
Results

Nucleotide sequence analysis of planarian POU genes
Degenerate oligonucleotides have proved to be a very useful tool for isolation of conserved sequences from genetically poorly understood organisms such as planarians .
We used two different strategies based on degenerate primers to isolate POU-related sequences from the planarian Girardia tigrina (see Section 4). First, we screened a cDNA library with degenerate oligonucleotides corresponding to the highly conserved POU-homeodomain helix-3 region. Second, we used PCR with degenerate primers to amplify genomic fragments for new planarian POU genes, based on the amplification between the above mentioned region and a conserved motif of the POU-specific subdomain A. These approaches resulted in the isolation of a partial cDNA sequence, GtPOU-1 (Miralles, 1992) and two different PCR products coding for POU sequences: GtPOU-3 and GtPOU-4. The cDNA and the PCR amplified sequences were used as probes to screen a G. tigrina genomic library.
Nine clones of GtPOU-1, all of them covering the same genomic region, were identified. One of them, clone gB3, carried a 9-kb insert which was partially sequenced to obtain the complete gene sequence and 800 nt of its promoter region (Fig. 1A) . The gene transcription start site was defined by RACE-PCR (see Section 4).
GtPOU-1 mRNA is 1725 nt long and has 22 nt of 5′-untranslated region (UTR) and 181 nt of 3′ UTR. The 3′ UTR region has a polyadenylation consensus sequence, AAUAAA, 18 nucleotides upstream of the polyA insertion site. The transcript contains a single long ORF which codes for a 507 amino acid protein, with a predicted weight of 55 kDa. A continuous correspondence is observed between genomic and cDNA sequences, indicating that the gene is intronless.
The analysed GtPOU-1 promoter region contains several binding sites for general and specific transcription factors. Two potential CCAAT boxes (positions −186 and −97) and TATA boxes (positions −167 and −16) have been defined by consensus comparison. Other interesting features of the region are the presence of a long TAA-repeat (positions −478 to −435) and of several regulatory sequences shared by other POU genes: two 50 nt-long regions (positions −86 to −36 and −145 to −96) that have 46% and 74% identity with Xenopus XLPOU-3 and mouse Brn-2 promotor sequences respectively (Baltzinger et al., 1996) , and two more regions (positions −592 to −579 and −755 to −732) that are 100% identical to XLPOU3 sequences (Fig. 1A) .
Twenty-three GtPOU-4 clones were detected and grouped in six restriction groups. The genomic clone gA5, with a 14.4-kb insert, has been partially sequenced (Fig.  1B) 
Protein sequence analysis and comparison
The GtPOU-1 protein (Fig. 1A) has a POU-specific domain (residues 256-334) and a POU-homeodomain (residues 352-411) separated by a 17-amino-acid linker. It also contains an ATP/GTP binding motif overlapping the beginning of the POU-domain (positions 252-259), nine Asnglycosylation sites, nine potential sites of phosphorylation by protein kinase C and nineteen for casein kinase II. Although not necessarily all phosphorylation sites are functional, their high number is consistent with regulation of GtPOU-1 at the post-translational level. The protein is rich in serine (13%), asparagine (10%), leucine (9%) and charged amino acids (12% of acid residues and 11% of basic residues). Furthermore, a basic region (470-476) and a proline-rich domain interspersed with acidic amino acids (57-66) are found. Such regions are thought to act as transactivator domains (Guarente, 1988; Mitchell and Tjian, 1989; Latchman, 1995) .
The region amino-terminal to the GtPOU-4 POU domain is rich in serine, threonine, tyrosine and proline (37% of the sequenced region). Comparison of GtPOU-1, -3 and -4 POU domains with representative POU proteins allows us to ascribe GtPOU-1 and -3 to POU subclass III and GtPOU-4 to POU subclass IV (Fig. 2) . The GtPOU-1 POU domain is 100% identical to that of the previously described planarian POU protein DjPOU-1 (Orii et al., 1993) . It shows the highest identity with different representatives of subclass III (83% in the POU-specific and 73-75% in the POU homeodomain with mouse Brn-1 and -2, Drosophila cf1a and Xenopus XLPOU3). GtPOU-3 and GtPOU-1 have several subclass III specific residues in the conserved domains and in the linker regions. GtPOU-4 has the highest identity with subclass IV members (84% in the POU-specific domain and 81% in the POU homeodomain with mouse Brn-3; 81% and 79% with Drosophila I-POU; 79% and 65% with C. elegans unc-86). It also shares some characteristic residues of this subclass, including three additional residues in the POUspecific domain. Phylogenetic analysis of the POU domains of these proteins and representative members of this family shows a clear clustering between the different members of each subclass. Using Maximum-parsimony analysis, a unique consensus tree of the seven most parsimonious trees is obtained with the planarian POU proteins grouped in their corresponding subgroups (Fig. 3) . A very similar tree was obtained with the neighbour-joining algorithm (Fig. 3) . Both types of tree show a high resolution of the different POU-subclasses, with high bootstrap values. However, the branching relationship at the base of the tree between subclasses is not well defined, probably due to the equal variability of the non-conserved residues between the POU-domain.
GtPOU-1 mRNA and protein distribution
A study of GtPOU-1 transcript and protein spatio-temporal distribution was performed both in intact adult planarians and during regeneration, as an initial approach to elucidating its function. We performed a regional RT-PCR analysis and raised two antibodies, a rabbit polyclonal and a monoclonal (C6), against a GtPOU-1 fusion protein that consisted of six histidines followed by GtPOU-1 residues 119 to 265 (Fig. 1A) , that cover a specific GtPOU-1 protein region upstream, and a few amino acids of the POU domain.
RT-PCR analysis was performed from ten different adult planarian axial regions from head to tail, and at different stages of anterior and posterior regeneration. In both studies we observed a continuous GtPOU-1 transcript expression along the axis in different types and stages of regeneration ( Fig. 4A,B) .
A total protein Western blot of adult heads and tails, and at different times of anterior and posterior regeneration, immunodetected with polyclonal anti-GtPOU-1 antibody shows a single band of the expected size (56 kDa) in all regions and regenerative stages (Fig. 4C) . Immunohistochemistry analysis on sagittal paraffin-embedded sections of adult planarians with polyclonal anti-GtPOU-1 antibody shows a ubiquitous distribution of GtPOU-1 protein in most of the mesenchymal and gastrodermal cells along the anterio-posterior axis (Fig. 5) .
The C6 monoclonal anti-GtPOU-1 antibody does not recognize any protein in a total protein Western blot of planarians. However, the polyclonal and C6 monoclonal antibodies recognise the same GtPOU-1 fusion protein in a Western blot (results not shown), This indicates that the monoclonal C6 antibody may recognise a specific epitope of the same protein not present, or at a very low concentration, in a total Western blot. Another possibility is that the polyclonal antibody recognises other proteins of similar size, while that GtPOU-1 protein is exclusively recognised by the monoclonal antibody. With the C6 monoclonal antibody we also performed immunohistochemistry on sagittal paraffin-embedded sections of adult planarians, and on whole mounts of adult and regenerating organisms to accurately monitor Gt-POU1-C6-epitope distribution changes during regeneration. Whole-mount immunostaining and paraffin sections show that C6 labels exclusively nerve cells that are scattered in the anterior third of the planarian body, while the posterior region remains negative (Fig. 6A) . Examination of the anterior region on sagittal paraffin sections also revealed that most of the cephalic ganglia nerve cells, as well as cells from the peripheral nervous system, are positive for C6 (Fig. 6C,D) .
We also performed double whole-mount immunohistochemistry with an anti-FMRF-amide rabbit antibody (Sigma), which recognizes a wide spectrum of planarian motor and sensory nerve cell types (Burgaya, 1992) , and the C6 antibody. Confocal microscopy analysis of doublelabelled organisms showed several labelling patterns (Fig.  7) . Some nerve cells were only positive for one of the two products ( Fig. 7A-D) , whilst others showed double labelling ( Fig. 7C,E) . Thus C6-immunoreactive cells are central and peripheral nervous system cells of the anterior third of the organism, but not all nerve cells of this region are C6-positive. Confocal microscopy analysis also showed that Gt-POU1-C6 epitope is mainly localized in the cell bodies instead of the nuclei of immunoreactive cells (Fig. 7D,E) .
The spatial distribution of the GtPOU-1-C6 epitope was also studied by whole-mount immunohistochemistry at several regenerating stages. When we cut planarians transversally at the anterior limit of the pharynx (the border of GtPOU-1-C6-epitope distribution) (Fig. 8, pre-pharyngeal) , expression fades rapidly from both regenerates and is not detected at all at 2 days of regeneration. The C6 epitope is detected again on the 6th-7th days of regeneration. In head pieces the GtPOU-1-C6-epitope staining is restricted to the new anterior third of the regenerate (Fig. 8) . In the tail pieces, local expression is observed at 7 days in a few cells of the anterior blastema and postblastema, in the area where the two ventral nerve cords of the central nervous system meet to form the newly regenerated cephalic ganglia (Fig. 8, boxed) . The GtPOU-1-C6-epitope expression domain increases as regeneration proceeds until it reaches the proportion of an intact adult organism (not shown). Transverse sections at the post-pharyngeal level produce a head piece with the positive and negative GtPOU-1-C6-epitope regions, and tail pieces without staining. In this case head pieces do not lose the GtPOU-1-C6-epitope expression (Fig. 8, post-pharyngeal) , but show a slight anterior movement of the expression border. In tail pieces GtPOU-1-C6 epitope appears on the 6/7th day in the anterior blastema, as Fig. 1 . DNA sequences of the GtPOU-1 and GtPOU-4 genes and corresponding amino acid sequence of the putative GtPOU-1 and GtPOU-4 proteins. (A) Sequence of the GtPOU-1 was obtained from genomic and partial cDNA clones. The amino acid sequence corresponding to the longest open reading frame is shown below the main sequence. Nucleotide and deduced amino acid sequences are numbered from the left. In the 5′ upstream region a long TAA repeat and the regions of high identity with other POU genes are indicated in bold. The putative CAAT and TATA boxes are underlined. The predicted initiator methionine is indicated in bold. The POU domain and POU homeobox are highlighted. The end of the coding sequence with two in-frame stop codons are indicated by asterisks. The polyadenylation signal (AATAAA) is underlined. Position 1 is the transcription start point. A proline-rich domain with acidic residues and a basic region are boxed. The ATP or GTP binding motif is underlined. (B) The partial sequence of GtPOU-4 was obtained from genomic and cDNA clones. Nucleotide and deduced amino acid sequences are numbered from the left. The POU domain and POU homeobox are highlighted. The residues upstream from the POU domain: serine, threonine, tyrosine and proline are indicated by asterisks. The GtPOU-1, GtPOU-3 and GtPOU-4 genomic DNA sequences have been deposited in the GenBank/EMBL database under accession numbers X69728, X69726 and X69727, respectively. has been described for the tail pieces produced by pre-pharyngeal transverse sections. Finally, in organisms cut sagittally each half maintains their anterior pattern, which spreads to the symmetrical blastema region (results not shown).
Discussion
To investigate the evolution of body plans and more specifically the molecular processes involved in anterior nerve system regeneration, we performed an extensive search for POU genes in planarians (phylum Platyhelminthes), and studied their sequence and pattern of expression for comparison with other model organisms. Here we present the isolation and characterization of three planarian POU genes, GtPOU-1, -3 and -4. We also show the expression-pattern of GtPOU-1, a planarian class III POU-gene, in intact and regenerating organisms.
Platyhelminths are one of the oldest tripoblastic groups in which POU sequences have been identified to date. Pre- Fig. 3 . Neighbour-joining phylogram with the POU-domain of representatives from different POU-class subclasses, indicated on the right. Sequences reported in this paper are highlighted in bold. All branch lengths are proportional to the distances between sequences. The seven most parsimonious trees obtained with the parsimony option showed essentially the same topology (not shown). Bootstrap values greater than 50% are shown over the corresponding nodes for parsimony (100 replicas) and below for the neighbour-joining algorithm (1000 replicas). Different sub-classes can be defined with high confidence (see bootstrap values) but the relationship between sub-classes at the basal level of the tree is unclear with either method. The tree was rooted with the midpoint rooting option. Bm, Bombyx mori; ce, Caenorhabditis elegans; d, Drosophila melanogaster; Dj, Dugesia japonica; Dt, Dugesia tigrina; Gt, Girardia tigrina; h, human; m, mouse; r, rat; sa, Sparus aurata; XL, Xenopus laevis; zf, zebrafish. viously, two POU genes, a DjPOU-1 full-length cDNA and a DjPOU-2 partial PCR sequence, were isolated in Dugesia japonica (Orii et al., 1993) and three partial PCR sequences, DtPOU-1, -2 and -3, were described in a sexual American population of Girardia tigrina (Stuart et al., 1995) . According to the homology found between our genes and these sequences, we named ours with the same numbers. The GtPOU-1 protein shows a very high homology with DjPOU-1. Their POU domains are identical and their flanking regions are extremely conserved, with 86% identity (96% when conservative changes are considered) at the amino acid level. The main difference between them is that DjPOU-1 is 51 amino acids longer at its carboxy-terminal end. At the nucleotide level their identity is 79%. In contrast, the identity of GtPOU-1 with the deduced amino acid sequence of the DtPOU-1 PCR fragment isolated from the American population of Girardia tigrina is 90%. This unexpected result is more spectacular when we analyse sequence identity at the nucleotide level: the American population has a codon bias with 87% of third positions with G or C, while the European population and Dugesia japonica have only 30% of G or C in the third positions. Similar values have been observed in more than 20 genes sequenced to date in freshwater planarians (Tricladida). Such high divergence values between homologous gene sequences has not been observed between different asexual European populations of Girardia tigrina. For instance, two homologous Hox genes isolated from different populations, DtHox-E and Dutarh-3, show an identity of 94% over 740 nucleotides (Tarabykin et al., 1995; Bayascas et al., 1997) .
Girardia tigrina is native to America and is now widely distributed in Europe. Morphological, karyotype and biochemical studies show an unexpectedly high variation between sexual and asexual populations (Ribas et al., 1989) . A higher divergence between two populations of the same species, than between two different genera, is surprising. We could explain this unexpected result if the sexual population studied belongs to another genera. In fact, the Tricladida Suborder is quite difficult to classify.
Similarity searches in databases, and phylogenetic analysis of planarian and non-planarian POU protein sequences show that GtPOU-1 and GtPOU-3 are grouped in the POU-III subclass and that GtPOU-4 belongs to the POU-IV subclass. Interestingly, both in the III and IV subclasses, planarian POU proteins are the most divergent sequences, being situated at the base of their respective clusters. This is consistent with the protostome position of Platyhelminths as a basal phylum.
The promoter region of GtPOU-1 contains two sequences, of 24 and 14 nt, that are identical to sequences found in the XLPOU3b promotor, and a partially conserved 50 nt region found in Brn-2 and XLPOU3b. These data suggest the presence of conserved regulatory mechanisms of those genes. Most of the putative TATA and CAAT-boxes found in this region match the consen- sus, although they are not in the same positions relative to the transcription start site, deduced by RACE-PCR. The GtPOU-1 genomic sequence of clone gB3 reveals that the entire coding region is intronless, a characteristic shared by all subclass III members described to date (Baltzinger et al., 1996) .
The GtPOU-1 and GtPOU-4 putative proteins contain regions rich in asparagine, serine, threonine, tyrosine and proline, or charged residues. These regions are thought to play important roles in protein-protein interactions during transcription regulation (Castrillo, 1992) .
The RT-PCR analysis shows a continuous axial distribution of the GtPOU-1 transcript, and no differential expression during different stages of anterior or posterior regeneration. Previous RT-PCR analysis of axial transcript distribution of the homologous gene in Dugesia japonica, DjPOU-1 (Orii et al., 1993) showed a ubiquitous distribution with 2-3 times higher expression of the transcript in the cephalic region. Western blot analysis with the polyclonal antibody, raised against the GtPOU-1 fusion protein, shows that the GtPOU-1 protein is present continuously in intact and in regenerating organisms, while immunohistochemical studies show ubiquitous GtPOU-1 protein distribution in most of the mesenchymal and gastrodermal cells along the axis. Immunohistochemical studies performed with the monoclonal antibody C6 show that the GtPOU-1-protein-C6 epitope is expressed in central and peripheral nerve cells of the anterior third of intact flatworms. Since both antibodies were raised against the same fusion protein, the different patterns of staining suggest a post-translation modification of the GtPOU-1 protein. This is perhaps linked with the four phosphorylation consensus sites (positions 199-122; 164-167; 250-253 and 256-258, Fig. 1A ) and two Asn-glycosylation sites (positions 165-168 and 216-219, Fig. 1A ) in the sequence used to make the fusion protein. Alternatively, we cannot discard the possibility that the polyclonal antibody recognises more than one POU-protein of similar sizes, and the monoclonal antibody recognises exclusively the GtPOU-1 protein. The immunohistochemical signal is higher in the cytoplasm of the nerve cell body than in the nucleus itself, which may be a consequence of a specific nuclear import control, or simply because the C6 monoclonal antibody does not recognise the nuclear GtPOU-1 protein conformation, due to a change in the epitope or dimerization. Double staining with a motor and sensorial nerve cell marker, FMRF-amide, and C6 antibody demonstrates that GtPOU-1-C6 epitope is present only in some anterior peripheral and central nerve cells. Its continuous presence in intact animals and late appearance during the regenerative process, suggests that this GtPOU-1-C6 epitope may play a regionalization role in anterior nerve cell differentiation during the cell turnover that is continually occurring in adult planarians. Although we cannot exclude the hypothesis that the GtPOU-1-C6 epitope performs merely a simple metabolic function, we favour the hypothesis that it is involved at some level of differentiation of the nerve cells, due to the roles defined for these proteins in other systems. In any case, this monoclonal antibody can be used as a regional nerve cell marker to follow the process of regeneration. The different GtPOU-1-C6 epitope behaviour in terminal regeneration, depending on the regenerative piece size, may be a consequence of the degree of adjustment necessary to recover the normal proportions. Small pieces need to readjust their pattern drastically, which requires a complete temporal disappearance of the GtPOU-1 protein-C6 epitope followed by a late reappearance in the new proportioned pattern. In larger pieces the pattern restoration will need only a slight adjustment of the protein expression border. This second type of regional adjustment has also been observed in TCEN49 and scarf products present in all central and pre-pharyngeal cell types respectively, during the regeneration of the same species (Bueno et al., 1996; Bogdanova et al., 1998) . This general change in GtPOU-1-C6 epitope is also an indication that the regenerative process in planarians is not local (exclusively involving the blastema and postblastema regions) as had been considered from the generalized assumption that the planarian was a classical model of epimorphic regeneration (Wolff, 1962; Goss, 1969) . These results support previous models (Morgan, 1901; Saló and Baguñà, 1984) where it was proposed that both morphallactic and epimorphic mechanisms act during planarian regeneration.
In conclusion, we have shown that the planarian genome contains the POU genes GtPOU-1, GtPOU-3 and GtPOU-4, which have high sequence conservation with vertebrate, Drosophila and nematode representatives. The spatio-temporal expression of the GtPOU-1 transcript and protein deduced by polyclonal antibody suggests a continuous axial distribution, but with a regional localization (deduced by monoclonal antibody) of a post-translationally modified protein isoform in anterior nerve cells. The GtPOU-1-C6-epitope expression pattern provides us with a useful molecular marker that supports a mixed epimorphic and morphallactic mechanism of pattern restoration during the regenerative process.
Experimental procedures
Species
Planarians used in this study belong to an asexual race of the species Girardia tigrina collected in the river Calders (Barcelona, Spain). They were maintained in spring water at 4°C and fed once per month. Specimens used experimentally were previously shifted to 17°C and starved for 2 weeks before use. Regenerative studies were performed by transverse sections at the post-pharyngeal or pre-pharyngeal level. Anterior regeneration corresponds to a tail regenerating the head, while posterior regeneration corresponds to a head regenerating a tail. Finally, lateral regeneration was produced by sagittal sections.
Isolation of planarian POU-domain genes
A Girardia tigrina amplified cDNA library of 1 × 10 6 independent plaques from intact and regenerating organisms (1 h and 5, 7 and 10 days) was screened using replica filters (Schleicher and Schuell) with a 5′ end-labelled mixture of two 1024× degenerate oligonucleotides corresponding to the most conserved amino acid sequence from the helix-3 region of the POU homeodomain, POU-1: 5′-GTNGTN-CGNGTNTGGTTYTGYAA-3′, and POU-2: 5′-GTNGTN-AGRGTNTGGTTYTGYAA-3′ (Bürglin et al., 1989) . Hybridizations were performed as described in Bürglin et al. (1989) and resulted in the isolation of a partial cDNA that encoded a POU sequence (GtPOU-1). A second approach to isolate new planarian POU-containing genes consisted of the amplification of planarian genomic DNA with two sets of degenerate oligonucleotides. The sequences of the primers were: F (forward), located in the subdomain A of the POU-specific domain: 5′-TTYAARCARMGIMGNATH-3′ (Billin et al., 1991) ; and R (reverse), in helix-3 of the POUhomeodomain: 5′-TTRCARAACCANACNCGNACNAC-3′ and 5′-TTRCARAACCANACYCTNACNAC-3′ (complementary to primers described by Bürglin et al., 1989) . DNA was PCR-amplified by 40 cycles of 94°C, 1 min; 55°C, 1 min; and 72°C, 3 min. A band of the expected size (384 nt) was obtained and cloned into pBluescript (Stratagene) by standard methods (Maniatis et al., 1982) . Sequencing of different clones was carried out using a T7 Sequencing Kit (Pharmacia) and allowed the identification of two different sequences that encoded a POU domain (GtPOU-3 and GtPOU-4).
Isolation of genomic clones and sequence analysis
A genomic library (about 1.5 × 10 6 recombinant clones) in lCharon-35 was probed with the GtPOU-1 cDNA and with GtPOU-3, and GtPOU-4 PCR-derived fragments at 42°C in 50% (v/v) formamide, 5× SSC, 5× Denhardt's, 0.1 mg/ml tRNA. The last washing step was at 60°C in 0.2× SSC, 0.1% SDS. Several genomic clones of GtPOU-1 and GtPOU-4 were isolated but none corresponding to GtPOU-3 were found.
Positive clones were restriction-mapped. Hybridizing fragments were subcloned in plasmid vectors and POUdomain and flanking regions were sequenced. Sequence data were analysed using the GCG sequence Analysis Software Package, and the motif discovery tool MEME version 2.0 (Timothy and Elkan, 1994) .
Phylogenetic analysis of the POU class domains
The thirty-four POU domains, including the POU-specific domain and the homeodomain, were aligned using the software ClustalW (Thompson et al., 1994) . Distance analyses were calculated using the PHYLIP program package v. 3.52 (Felsenstein, 1993) . A distance matrix of the amino acid aligned sequences was generated using the program PROTDIST and corrected with the Dayhoff PAM matrix. This matrix was then converted to a phylogenetic tree using the Neighbour-Joining-Method (NJM) of Saitou and Nei (1987) . Bootstrap resampling (Felsenstein, 1985) was performed with the programs SEQBOOT and CON-SENSE with 1000 replicas. The same matrix was used to reconstruct the most-parsimonious cladograms using the heuristic search option with random addition of sequences, tree-bisection and re-connection branchswapping (TBR), and ten iterations in PAUP (Phylogenetic Analysis Using Parsimony) version 3.1.1 (Swofford, 1993) . A bootstrap analysis with 100 replicas was performed.
RACE-PCR and RT -PCR
Determination of the start transcription site of the GtPOU-1 gene was done by RACE-PCR with the 5′-Amplifinder TM RACE kit (Clontech). cDNA was prepared from an RNA polyA + mix of intact and regenerating organisms using as a primer a GtPOU-1-specific oligonucleotide, p1:5′-CCGAATCTTTGATTTGAGTCAAAATATG-3′. The 5′-cDNA end was amplified with the kit 5′ primer and a nested GtPOU-1-specific oligonucleotide, p2: 5′-GAGCTACAAAATTTGTAATCAAT-3′. PCR products were subcloned in plasmid vectors and sequenced as usual. Determination of the axial level of GtPOU-1 expression in intact animals and at different regenerative stages was done by RT-PCR. RT-PCR was performed using two specific oligonucleotide sequences located in positions in the cDNA sequence: forward 434-469 and reverse 613-636 (Fig. 1A) . The RT-PCR reaction was performed under the conditions previously described in . As an internal control, and to permit comparative expression analysis, we amplified in the same RT-PCR reaction a second planarian homeobox gene Dth-2 (Garcia-Fernàndez et al., 1993) using two new sets of specific oligonucleotide sequences located in exons 1 and 3 (positions in the cDNA sequence: 376-400 and 817-841 (Garcia-Fernàndez et al., 1993) , respectively). Dth-2 RNA is homogeneously distributed along the antero-posterior axis.
Fusion protein antibody production
A 457 nucleotide NdeI-BamHI fragment from GtPOU-1 cDNA coding for amino acids 119 to 265, upstream of the POU-specific domain (Fig. 1C) , was amplified by PCR (95°C, 5 min; 30 cycles: 94°C, 1 min; 57°C, 1 min; 72°C, 2 min, and 72°C, 15 min) and subcloned into the vector pM10-(His)6 (ScaI-BglII fragment of pET3c ligated into ScaI-PvuII fragment of Bluescript II KS + ; this was cut with XbaI-BamHI and the large fragment was ligated with the XbaI-BamHI fragment of pET8c (His)6, provided by G. Martin, Biozentrum, University of Basel, Switzerland). Transformation of the construct in the E. coli strain BL21(DE3) allowed the induction of a fusion protein, which was then purified on a column of Ni-NTA-Agarose (Qiagen) under denaturing conditions and was dialysed against PBS. Two 8-week-old Balb/C female mice were injected intraperitoneally with 100 mg of the fusion protein. Injections were repeated twice at 2-week intervals. Production of monoclonal antibodies was performed according to Bueno et al. (1997) . Hybridomas producing mAbs were screened using immunohistochemical procedures on paraffin sections. For the studies described in this paper, we selected the anti-GtPOU-1 antibody produced by the clone C6. Rabbit polyclonal antibodies were obtained by subcutaneous injections with 0.5 mg of fusion protein, according to standard protocols (Harlow and Lane, 1988) . For both antibodies, the presence of linked antibody was detected by the peroxidase-linked avidin-biotin complex (ABC, peroxidase-conjugated, Vector) method using diaminobenzidine tetrahydrochloride (DAB, Sigma) as a substrate (Romero et al., 1991) .
Western blots and immunohistochemical localization
Homogenates of intact and different stages of regenerating planarians were obtained according to Collet (1990) . Electrophoresis, protein transfer and antibody incubation were carried out according to Bueno et al. (1996) . The presence of anti-GtPOU-1-linked antibody was detected with the ABC method. Whole mount immunohistochemistry was performed as described by Newmark et al. (in preparation) . Briefly, the organisms were sacrificed in saline macerative solution (Bueno et al., 1996) and incubated in this solution for 15 min. Then, they were fixed with 4% paraformaldehyde in PBS (phosphate-buffered saline) for 4 h, dehydrated in methanol and incubated in 10% H 2 O 2 in methanol overnight at 4°C to eliminate pigments and autofluorescence. After washing in methanol for 2 × 5 min and in PBST (PBS, 0.3% Triton X-100) for 5 min, they were blocked with 0.25% BSA (bovine serum albumin) for 1 h. at room temperature, and incubated with the primary antibody (C6) overnight at room temperature. Negative controls were incubated in blocking solution instead of primary antibody. After primary antibody incubation they were washed in blocking solution for 24 h. and incubated with the secondary antibody (goat-anti-mouse FITC, Sigma) diluted in blocking solution (1/100) overnight at room temperature. After washing in PBST (5 × 1 h), they were mounted in 50% glycerol/2.3% propylgallate in PBS. Images were digitalized by capturing them with a CCD camera on an Axiphot microscope and a Power Macintosh running Photoshop software. Confocal laser scanning microscopy (CLSM) was performed with a Leica TCS 4D (Leica Lasertechnik, Heidelberg, Germany) adapted to an inverted microscope (Leitz DMIRB). Fluorescein isothiocyanate (FITC)-goat antimouse and Texas Red (TR)-goat anti-rabbit antibodies were excited at 488 nm using a krypton-argon laser. Each image collected was the average of eight line scans at the standard scan rate. Images for FITC fluorochrome are in green pseudocolour, and for TR are in red pseudocolour. FMRF-amide immunostaining was performed using a commercial rabbit anti-FMRF amide polyclonal antibody (Sigma), and was detected by using a goat anti-rabbit TR secondary antibody (Sigma).
